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PRELIMINARY RESULTS OF AN ALTITUDE-WIND-TUNNEL INVESTIGATION
OF AN AXTAL-FIOW GAS TURBINE-FPROFPELLER ENGINE

¥V - COMBUSTION - CHAMBER CHARACTERI STI CS

By Robert M Gelsenheyner and Joseph J. Berdysz

SUMMARY

An investigation to determ ne the performance and operati onal
characteristics of an axial-flow gas turbine-propeller engine was
conducted in the Cleveland altitude wind tunnel. As part of this
i nvestigation, the combustion-chamber performance was determined
at pressure altitudes from 5000 to 35,000 feet, conpressor-inlet
ram-pressure ati 0s of 1.00 and 1.09, and engi ne speeds from
8000 to 13,000 rpm. Combustion-chamber perfornmance i s presented
as a function of corrected engine speed and corrected horsepower.

For the range of corrected engine speeds investigated, over-
all total-pressure-loss ratio, cycle efficiency, and the fractional
| 0SS i N eycle efficiency resulting fram pressure | osses in the
conmbustion chambers were unaffected by a change in altitude or
conpressor-inl et rem-pressurerati 0. The scatter of combustion-
efficiency data tended to obscure any effect of eltitude Or ram-
pressure ratfo. For the range of corrected horsepowers investi-
gated, the total-pressure-loss ratio and the fractional loss in
cycle efficiency resulting from pressure | 0sses in t he combustion
chanbers decreased with an increase in corrected horsepower at a
constant corrected engine Speed. The ccubustion ef ficiency
remai ned constant for the range of corrected hersepowers investi-
gated at all corrected engi ne speeds.
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IRTROIUCTI ON

An investigation to determine t he performance and operationa
characteristics of an axial-flow gas turbine-propeller engi ne was
conducted in the NACA Cleveland altitude wind tunnel. The perform
ance characteristics of the conponent parts of the engine were
determined in addition to the evaluation of the over-all performance
characteristics. Various phases of the investigation are reported
in references 1 to 4.

The combustion-chamber performance i s presented herein to show
the effect of engine operating conditions on cambustion-chember
over-all total-pressure | 0ss? combustion efficiency, cycle effi-
clency, and the fractional loss in cycle efficiency due to
conmbusti on-chanber pressure |osses. Data were obtained for pres-
sure altitudes from 5000to 35000feet, conpressor-inlet ram-
pressure ratios of 1.00 and 1.09, and engi ne speeds frem 8000 to
13,000 rpm.

DESCRI PTI ON OF COMBUSTION CHAMBER

The T31 gas turbine-propeller engi ne has nine cylindrical
counterfl ow cambustion chanbers (fig. 1). The air leaving the | ast
stage of the compreassor ie turned 180° before entering the conbus-
tion chanbers and passing i nt 0 annular spaces bet ween the casings
and the liners. The casing (fig. 2(a)) is 6 inches in diamster
and 14% inches long and contains a removable liner (fig. 2(b))
that divides the conmbustion zone from the passage for the entering
air flow, A series of openings in the wall of the liner allows
air to pass into the combustion zone, where 1tis mixed with fuel
sprayed froman atom zing nozzle located in the center of the
conbusti on-chanber done. The fuel is ignited by spark plugs
| ocated in the dome of two of the combustion chanbers; fuel in
the other conbustion chanbers is ignited through cross-fire tubes

ENGINE | NSTALLATI ON AND INSTRUMENTATION

The axial -fl ow gas turbine-propeller engine was installed in a
streamlined wing nacelle, which was nounted in the 20-Foot~diameter
test section of the Cleveland altitude wind tunnel (fig. 3). A
sectional draw ng of the engine showi ng <he location of measuring
stations 1s given in figure 4. A conplete description of the engine,
thei nstal | ati on and the instrumontation i s presented in referenco 1.
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The instrumentetion used in thi s analysis was | ocated at the
conpressor inlet (station 2), the compressor outlet (station 3},
the turbine inlet(station 55, armd the tail-pipe-nozzle outlet
(station 8). Because the instrumentation at the ccmpressor el bow,
(station 4), was inadequate for determning pressure |osses across
t he cambustion chanbers, the instrumentation at the compressor out -
let (station 3), was used.

The campressar-outlet lnstrumentetion consi sted of three rakes,
| ocated 120° apart, with three total-pressure tubes and two therno-
couples each. The location of all instrumentetion at this station,
including five wall static tubes and two probe static tubes, is
shown in figure 5, Turbine-inlet Instrunentation consisted of five
total -pressure tubes and five wall static tubes |ocated as shown
infigure 6. The tail-pipe rake at station 8 (fig. 7) contained .
16 total -pressure tubes, three statio-pressure tubes, and six therno-
coupl es and was located with the plane of measurement 1 inch upstream
of the tail-pipe-nozzle outlet

PROCEDURE

The investigation was conducted at Pressure altitudes ranging
from 5000 to 35,0Q0 feet and at ccmpressor-inlet rampressure ratios
of 1.00 and 1.09. At each altitude and conpressor-inlet rampressure
ratio, the engine speed was varied from 8000 to 13,000 rpm. The
engi ne power neasured at the torguemeter ranged from 70 to 1050 horse-
power. Ambi ent temperatures Were maintained at approxi mately NACA
standard altitude conditions. Average vslues of pressure and tem-
perature used in this analysis were taken from references 1 and 3.

SYMEOLS

The followi ng synbols are used in this report:

A cross-sectional area, square feet

cp specific heat of gas at constant pressure, Btu
per pound °R

Cp, 3 average specific heat at constant pressure from

station 9 to station 0, Btu per pound °R

f fuel-air ratio



shp
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accel eration due to gravity, 32.2 feet per second

per second
horsepower | oss in high-speed reduction gear
ent hal py, Btu per pound
ent hal py of air, Btu per pound
ent hal py of fuel, Btu per pound
heati ng vaueof fuel, 18,700 Btu per pound
shp + ghp
mechani cal equival ent of heat, 778 foot-pounds per Btu
engi ne speed, rpm
total pressure, pounds per square foot absolute

over-all total-pressure-loss ratio across combustion
chanbers due to friction and moment um changes

3~F5
=) pounds per square foot
3

static pressure, pounds per square foot absol ute
gas constant, 53.4 foot-pounds per pound °R
shaft horsepower neasured at torquemeter

total tenperature, °R

i ndi oated tenperature, ©R

static temperature, °r

air flow, pounds per second
fuel flow, pounds per hour
gas flow, pounds per second

ratio of specific heats for gases
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B rati o of compressor-inlet total pressure to static pres-
sure of NACA standard at nosphere at sea | evel

e ratio of conpressor-inlet absolute total tenperature to
absolute static tenperature of NACA standard atnobsphere
at sea leve

n cycle efficiency

A cycle-efficiency |oss

fly, cambustion ef fi ci ency

Subscri pts:

0 tunnel -test-section free air stream

2 campreascr inlet

3 compressor outleth

5 turbine inlet

8 tail-pipe-nozzle out | et

9 station in Jet where static pressure first reaches free-

stream static pressure

Tae data were generalized to NACA standard sea-|evel conditions
by the follow ng paraneters

N/nfe corrected engine speed, -

@ @@) corrected horsepower

METHODS OF CALCULATION

Gas flow and air flow. =~ The gas flow at the tail-pipe-nozzle
outl et was obtained from

2788

W =P rt——————
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The air flow was then determined from
Wy = Wy - (Wp/3600)

Turbine-inlettenperature. - Turbine-inlet tenperature was
cal culated from the enthalpy drop through the turbine and the
enthal py at the tail-pipe-nozzle outlet:

sh2+g_}:m
H5=< W8J>+(H3-Hz)+H8

Ts =
S

CP’S

An integrated value of ¢, 5 was used in this equation. The val ue

©of ghp used in caloulating Hg was estimated to vary from

50 horsepower at au engine speed of 13,000 rpm to 25 horsepower
at 8000 rpm.

Jet - gas temperature. -~ The gas temperature i N the jet was
determned from tenperature and pressure neasurenents at the tail-
pi pe-nozzle outlet. For a thernocouple recovery factor of 0.85,
the total tenperature at the nozzle outlet was cal cul ated from

7a-1

P\ 78
Ts.8 >
s Pg

If the total pressure, the total tenperature, and the ratio of
specific heats at the nozzle outlet (station 8), end in the jet,
(station g), are assumed to be equal

Ya-1

7g
8




NACA RM No. E8F104 7

METHODS 'OF ANALYSI S

Cambustion efficiency. - Conbustion efficiency is defined as
the ratio of the actual increase in enthalpy of the gas to the
theoretical increase that woul d result fromcanplete cambustion
of the fuel charge

_ (Bg 57Hg 3) + (B 5-Ep 3)f
Ny = Fhp

Cycle efficiency, - Cycle efficiency was determ ned according
to the standard definition

N = heat supplied by source - heat rejected to sink
heat supplied by source

_ (B5-H3) - cp,s(tg-t0)
Hs-Hz
Loss in cycle efficiency. - The expression for loss in cycle

efficiency resulting frompressure losses in the conbustion chanber
was cal cul ated by the nmethod given in reference 5:

n

z-1
. P:\ 7

HE5-Hy

an

where y is the average val ue between stations 5 and 9.

RESULTS AND DISCUSSION

The presentation of conbustion-chanber performance includes the
eval uati on of over-all loss-in total pressure across the combustion
chambers, cambustion ef fi ci ency, cycle efficiency, and loss in cycle
efficiency resulting £from pressure | o0sses in the combustion chanbers.

The over-all total-pressure |oss across the conmbustion chanbers
may be considered as the sum of two components: the [ 0ss due to
friction and that due to the addition of heat by combustionm, or
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monment um pressure |oss. Reference 5 gives a method of determning
t hese components by assuming that all the friction | 0SS occurs
before the gas is heated. This assunption is valid for a through-
fl ow type of conbustion chamber. In a counterflow conmbustion
chanber, however, the assunption is invalid because preheating
occurs during the fl ow of the entering air along the outside of
the liner or basket. Consequently, the nethod of reference 5 is
not applicable to the counterflow type of cocmbustion chanber and
only over-all| pressure | 0Sses are considered in this report.

Pressure-Loss Ratio

Over-all total-pressure-loss ratio (APp)/Pz for the range of

corrected engine speeds investigated is presented in figure 8(a)
for altitudes from 5000 to 35,000 feet at static conditions and a
tail-pipe tenperature of approxi mately 1500° R A similar compari-
son of pressure-loss ratfois given li-1 figure 8(b) for compressor-
inlet rampressure ratios of 1.00 and 1.09 at an altitude of
25,000 feet. Changes in altitude or rampressure ratio did not
appreci ably affect the total-pressure-loss ratio across the com
bustion chanber. The total-pressure-1oss ratio was 0.025 for the
range of corrected engine speeds investigated. The variation of
total -pressure-lose ratio wth corrected horsepower is shown in
figure 9 for various corrected engine speeds at an altitude of
5000 feet and static conditions. At a constant corrected engine
speed, the total-pressure-loss rati o decreased with an increase

in corrected horsepower. For a constant corrected horsepower, the
total -pressure-loss ratio increased as the corrected engine speed

I ncreased

Combustion Efficiency

The rel ation of conbustion efficiency to corrected engine
speed is presented in figure 20(a) for altitudes from 5000 to
35,000 feet at a rampressure ratio of 1.00 and in figure 10(b)
for rampressure ratio6 of 1.00 and 1.09 at an altitude of
25,000 feet. The scatter of these data tended to obscure any
effect of altitude or rampressure ratio on conbustion efficiency.
The variation of combustion efficiency with corrected horsepower
Is shown in figure 11 for variocus corrected engine speeds at an
altitude of 5000 feet and static conditions. For the range of
corrected horsepowers investigated, varying the corrected engine
speed. had no appreciable effect on conbustion efficiency. Values
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of combustion efficiency over 1.00 are considered the result of
I naccur aci es in measurement Of turbine-outl et tenperature and shaft
hor sepowver .

Cycle Efficiency

Cycle efficiency a8 a function of corrected. engine speed at a
tail-pipe tenperature of approximtely 1500° Ris shown in figure 12(a)
for altitudes from 5000 to 35,000 feet at static conditions and in
figure 12(b) for rampressure ratios of 1.00 and 1.09 at an altitude
of 25,000 feet. As the corrected engine speed was increased from
8170 to 14,180 rpm, the cycle efficiency was raised from approxi-
mately 0.04 to 0.17. Changes in altitude or rempressure ratio had
no apparent effect on cycle efficiency. The variation of cycle
efficiency with corrected horsepower at various corrected engine
speeds and static conditions is shown in £igure 13. Cycle effi-
clency increased W th increasing corrected horsepower from 0.03
to 0.16 over the range of the investigation. At a constent coOr-
rected horsepower, a change in engine speed had no effect on cycle
efficiency.

Loss in Cycle Efficiency

Cycle-efficiency |osses that resulted from conbustion-chanber
pressure | osses are presented as fractional loss in cycle effi-
ciency (an)/n for the range of corrected engine speeds investi-
gated at altitudes from 5000 to 35,000 feet end static conditions
at a tail-pipe tenperature of arproximately 1500° R (fig, 14(a)).
Fractional 1css in cycle efficiency decreased With an increase in
corrected engi ne speed over the entire range of the Investigation
The change in altitude had no appreciable effect on (an)/n for
the range of corrected engine speeds. Increasing the ram-pressure
ratio fram 1.00 to 1.09 reduced the fraction& loss in cycle effi-
ci ency approximately 0.01 for the range of corrected engi ne speeds
investigated (fig. 14(b)). The fractional loss in cycle efficiency
for a range of corrected horsepowers at an altitude of 5000 feet
and static conditions is shown in figure 15. For a constant cor-
rected engi ne speed, (an)/n decreased with an i ncrease in cor-
rected horsepower. At a comstent corrected horsepower, (an)/q
increased with an increase in engine speed
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SUMMARY OF RESULTS

An investigation of counterflcw combustion chanbers operating
In a TG-100A gas turbine-propeller engine over a range of pressure
altitudes from 5000 to 35,000 feet and mmpressure ratios of 1.00
and 1.09 gave the following results

1. Total-pressure-loss ratio was unaffected by changes in
altitude at a constant tail-pipe tenperature and remained at a
val ue of approximately 0.025 for the range of operating condition8
investigated. A chan?e inrampressure ratio fram 1.00 to 1.09
had no appreciable effect on total-pressure-loss ratio. At a
constant corrected engine speed, the tctal-pressure-loss ratio
was reduced a8 the corrected horsepower increased.

2. The scatter of data tended to cbscure any effect cf alti-
tude or rampressure rati 0 on combustion efficiency. Varying t he
corrected horsepower at a constant corrected engine speed had no
ef fect on cambustion ef ficiency.

3. At a constant tail-pipe tenperature, the cycle efficiency
increased with increasing corrected engine speed, but was unaf-
fected by a change in altitude or rampressure ratio. At a
constant corrected engine speed, the cycle efficiency increased
as the corrected horsepower increased. At a constant corrected
hor sepower, however, changes in corrected engine speed had no
effect cn cycle efficiency.
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4. Practiomal ‘loss in cycle efficiency, the result of pressure
| osses in the conmbustion chanbers, decreased with an increase in
corrected engine speed and was not appreciably affected by a change
in altitude or mpressure ratio. At aconstant corrected engine
speed, the fractional loss in cycle efficiency decreased wth
increasing corrected hor sepower .

Flight Propulsion Research Laboratory, .
National Advisory Committee for Aeronautics,
Ceveland, Cnio.
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{a) Casing with spark
plug instal led.
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propel ler engine.
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~ Front view of axfal-flow gas turbine-propeller engine in

Figure 3.
altitude wind tunnel.
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O Total-pressure tube
® Static-pressure tube
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Figure 5. — Location of instrumentation at compressor outlet, looking

aft, station 3.
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O Total-pressure tube
@® Static-pressure tube

M‘:7\_ \Eﬁm

Figure 6. - Location of instrumentation at turbine inlei, looking aft,
station 5.
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Figure 7. - Instrumentation at tail-pipe-nozzie outtet, station 8.
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